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The greatest diversity of chemical structures is seen in the organophosphorus (01') insecticides; they are typically triesters involving two, usually identical, 0-methyl or 0-ethyl substituents, with the third alcohol being a phenol, enol or mercaptan having electron withdrawing properties that enhance the electrophilicity and hence the phosphorylating ability of the phosphorus atom [ 1 1. It is this third 'leaving group' that is lost when the insecticide inhibits its target enzyme acetylcholinesterase (AChE) by forming an ester link with (i.e. 'acylating') the serine hydroxyl of the catalytic centre. The electrophilicity of the phosphorus also determines the reactivity of OP insecticides to water (chemical hydrolysis) and other esterases which they inhibit. In many commercial insecticides, the reactivity is moderated by applying the compound as a phosphorothionate in which the sulphur is less electronegative than the oxygen. The resulting proinsecticide is then activated biochemically to the more reactive oxon. Hesides the phosphotriester, some OP insecticides such as malathion and phenthoate have ester functions in the leaving Abbreviations used: OI', organophosphorus; A C h E acetylcholinesterase; CCA. catalytic centre activity.
group, and these are also subject to cleavage by esterases that appear to be very specific 121.
Commercially important N-methyl-(or occasionally N, N-dimethyl-) carbamate ester insecticides mainly involve phenols or oximes. As with OP insecticides, electron-withdrawing substituents render the carboxyl carbon more electrophilic, although steric and hydrophobic properties are more important in determining the interaction with the catalytic centre of its target, AChE [ 3 I. it is low, and for 0 1 ' insecticides it is very low or zero. Synthetic pyrethroid insecticides were developed from the naturally occurring pyrethrins by extensive structure-activity studies aimed at substituting labile groups in the original structures [ 5 1. They act on axonal transmission by disrupting sodium channel function, which depends primarily on hydrophobic and steric considerations. Most commercial pyrethroids retain the 2,2-dimethylcyclopropanecarboxylic ester function of the original natural products although, unlike the carbamates and OPs, the ester function is not an absolute requirement for activity since non-ester pyrethroids such as ethofenprox, which has an ether function in place of the ester, can also be very effective insecticides.
The acylurea group of insecticides inhibiting chitin synthesis, derived from the lead compound diflubenzuron, are also sensitive to hydrolytic degradation, although they are amides (strictly ureides) not esters.
Esterases
Aldridge 
Insect esterases hydrolysing insecticides
Insects can deal very effectively with lipophilic xenobiotics, whether naturally occurring or manmade, by exploiting mono-oxygenases, glutathione S-transferases and hydrolases, which render the compounds more polar and hence less toxic and more readily excreted. Studies of the enzymes associated with insecticide hydrolysis fall into three categories; synergism studies, the use of model substrates and direct measurements of insecticide hydrolysis.
Synergism
The toxicity of insecticides in bioassays is often enhanced by applying them with compounds that are non-toxic at the dose used but are known to block particular enzyme classes involved in detoxication. For esterases, such synergists that have been widely used include DEF (or THTP, S,S,S-tributylphosphorotrithioate) and TPP (triphenyl phosphate).
However, bioassays with these compounds cannot provide unequivocal evidence for either the presence or absence of hydrolytic detoxication; some of the pitfalls in the design and interpretation of such synergism studies, especially in the context of identifying the resistance mechanisms of insects, have been discussed by Scott [ 01.
Potentiation between two insecticides known to act on different targets is taken to indicate an interaction involving metabolic detoxication. It can occur for example between OP insecticides and pyrethroids, and is thought to arise from the inhibition of pyrethroid esterases by the OP compounds. This is one of the factors in the increasing tendency to use such mixtures for insect control.
Model substrates
In Aldridge's original work on serum esterases, he used readily assayed simple nitrophenyl esters to identify the enzymes [6], and then went on to show that the A-esterase component was responsible for the hydrolysis of paraoxon [ 7 ] . The first part of this approach is now very widely used for studying insect esterases, since model substrates, especially naphthyl esters, provide a very sensitive assay for these enzymes in small amounts (a few micrograms) of insect tissue. However, although this has demonstrated the great diversity, both qualitative and quantitative, of naphthyl esterases, there is often little evidence that the enzymes being assayed play any part in the hydrolysis of insecticides. This approach has been applied most extensively to the study of esterases associated with insecticide resistance and is discussed in detail below.
Insecticide hydrolysis
The identification of an insecticide hydrolysis product during studies of insects, in vivo or in vitro.
points to the involvement of esterases. However, ester cleavage can occur not only from simple hydrolase activity but also from mono-oxygenase or glutathione S-transferase activity. It is therefore important to establish from studies in vitro that ester cleavage is not dependent on the cofactors required by the latter two classes of enzyme. Such studies generally depend on the incubation of mass crude homogenates of insects with radiolabelled insecticides. However, Konno et aL [ 101 identified and purified an esterase from resistant tobacco budworms (Hebothis uirescens) on the basis of its methylparaoxonase activity, assaying the hydrolysis product, p-nitrophenol, spectrophotometrically; the purified enzyme was then shown to have naphthyl esterase activity. In a reciprocal approach, naphthyl Volume 
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esterases were purified from resistant peach-potato aphids (Myzus persicae) and then shown to detoxify insecticides [ 113. These two examples are discussed in detail since they represent some of the best characterized hydrolytic enzymes responsible for resistance to insecticides.
Esterases in susceptible and resistant insects
The same broad approaches are used to implicate changes in esterases as a cause of insecticide resistance. Synergism can provide strong circumstantial evidence although it can be misinterpreted as discussed earlier; thus, one resistance mechanism, such as an insensitive target, can protect the insect and allow a metabolic enzyme, that is present equally in susceptible and resistant insects, more opportunity to degrade the insecticide in the resistant than in the susceptible insect. This leads to a greater synergism in resistant insects than susceptible ones by compounds blocking that metabolic route [ 121.
Model substrates have played a major role in identifying qualitative and quantitative differences between the esterases of susceptible and resistant insects. Naphthyl esters have figured prominently since the naphthol produced gives a strong colour reaction with diazonium salts, and the insolubility of the resulting dye makes it ideal for staining electrophoresis gels. SDS has been widely used to solubilize the dye for end-point spectrophotometric assays in solution, although this, and a U.V. assay [ 1 11, have now been superseded to some extent by a continuous assay developed for high throughput using kinetic readers for 96-well microtitre plates Resistance can be associated with either increased or decreased naphthyl esterase activity. Lower activity is found in cases thought to involve a mutation that has given rise to phosphotriesterase activity, while at the same time resulting in the protein losing its naphthyl esterase activity [ 121. However, such examples are rare compared with the incidence of positive correlations between resistance and naphthyl esterase activity. This is found especially in the Homoptera (aphids, whiteflies and leaf/plant hoppers) and certain Diptera (especially mosquitoes), and also in some species of Acarina and Lepidoptera. In most cases, any role of the increased naphthyl esterase activity in detoxifying insecticides is not determined, nor is it known whether it involves qualitative or quantitative changes in the enzymes compared with susceptible insects. However, two such enzymes, a H-esterase [13] . from the aphid, M. persicue, and an A-esterase from the budworm, H. virescens, have been characterized in more detail.
Aphid esterases
As in most other instances, the first indication that esterases were involved was based on the correlation between naphthyl esterase activity in crude M persicue homogenates and the level of resistance in the aphid clones [ 141. Electrophoresis showed that only one of two esterases was more active in resistant aphids. Which of these enzymes was more active correlated with the aphid's karyotype [ 151; an A 1,3-translocation is common in some resistant aphids and they have more of the esterase E4 (M,= 65 000), whereas those of normal karyotype have esterase FE4 ( M , = 66 000).
Both forms of these naphthyl esterases are typical €3-esterases in that they are sensitive to inhibition by nanomolar concentrations of paraoxon. It is this extremely high affinity for OP insecticides and carbamates that is the basis of the resistance they confer. Thus, although k, (see reaction scheme above) is very low for insecticides, the enzymes are produced in such large quantity by resistant aphids, that the acylation step on its own effectively 'sequesters' and thereby detoxifies a large proportion of a For the closely related enzyme form FE4, these rates are approximately 50% greater for the phosphates, but unchanged for carbamates [ 1 51. This extremely low catalytic efficiency towards insecticides is offset by the very large amount of protein present, coupled with its very low K,,,. These differences in turnover of insecticide correspond broadly with the relative levels of resistance conferred by a given amount of esterase towards dimethyl phosphates, diethyl phosphates and carbamates [ll] . The relative k, values for phosphates and carbamates are the opposite of those generally found for AChE [4] .
The esterases also confer cross-resistance to pyrethroids but limited biochemical data are available to explain this. Only the least toxic of the four isomers of permethrin is hydrolysed rapidly [ 1 11, although other pyrethroids have been shown to compete with naphthyl esters for the catalytic centre of the esterase, and this indicates that binding, albeit reversibly, contributes to resistance [ 161. This would be expected to have a greater impact for pyrethroids in view of their higher intrinsic activity, so that insecticide molecules would be outnumbered by esterase catalytic centres.
The molecular basis of this increased esterase production is gene amplification [17, 181, This assumes the enzyme was pure, but since it was only partially pure the CCA would be greater.
This value compares with the k, of 2.7 h -' for the M. persicae E4 esterase towards methylparaoxon.
The corresponding values for the ethyl homologue were 30-fold lower for the HeliothzS enzyme, and 9-fold lower for the Myzus esterase. The K,,, for both ethyl and methyl homologues was approximately 0.7 mbi, more than a million times greater than was estimated for the aphid enzyme [21] .
Like other insect esterases correlated with resistance, this enzyme gave a clear band on PAGE when stained for naphthyl esterase activity and this corresponded to the region responsible for methylparaoxon hydrolysis [ lo]. The band was present on a gel of resistant budworm homogenate but absent from homogenate of susceptible insects. Another naphthyl esterase that was elevated in the resistant insects had no methylparaoxonase activity, emphasizing the need for critical assessment of such gels when more extensive biochemical evidence is not available.
Concluding remarks
These two enzymes illustrate the range of properties of esterases involved in insecticide resistance. They appear to be typical enzymes of detoxication as discussed in a recent general review by Jakoby & Ziegler [22] . T w o passages from that review are pertinent to the data presented here: 'Despite exceptions, the enzymes of detoxication can be sluggish although a low catalytic rate is sometimes compensated for by the presence of very large amounts of the enzyme', and 'it seems reasonable that this group of enzymes has evolved in response to a need for removal and for pharmacological Volume 
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neutralization of noxious material by metabolic means. It would follow that their usual, 'natural' substrates are foreign compounds'.
